Introduction
Kainate receptors (KARs) are highly expressed in the CNS, where they are involved in different physiological functions (Jane et al., 2009) . Five different receptor subtypes have been cloned, GluK1-5, which coassemble in various combinations to form functional receptors with distinct pharmacological and physiological properties ). Although at some excitatory connections KARs carry at least in part current charges of synaptic responses (Castillo et al., 1997; Vignes and Collingridge, 1997; Mulle et al., 1998; Cossart et al., 2002) , at presynaptic sites they exert a powerful control of transmitter release (Lerma, 2003) . In addition, evidence has been provided that, in several CNS regions, KARs control cell excitability through a metabotropic type of action, which involves the activation of G-protein and intracellular signal cascades (Rodríguez-Moreno and Lerma, 1998; Rozas et al., 2003; Melyan et al., 2004; Lerma, 2006; Rodríguez-Moreno and Sihra, 2007) . The hippocampus is endowed with KARs with preponderant presynaptic localization (Represa et al., 1987; Ben-Ari and Cossart, 2000) . In particular, activation of KARs localized on glutamatergic mossy fibers (MFs), the axons of dentate gyrus granule cells, enhances glutamate release particularly during frequency-dependent facilitation, a form of short-term plasticity characteristic of MF-CA3 synapses (Contractor et al., 2001; Lauri et al., 2001a; Schmitz et al., 2001 ) (but see Kwon and Castillo, 2008) . This effect has been attributed to kainate-induced depolarization of presynaptic boutons or axon terminals (Lauri et al., 2001b; Kamiya et al., 2002; Nicoll and Schmitz, 2005) and the release of calcium from local stores (Scott et al., 2008) . Interestingly, KARs are present also on presynaptic GABAergic terminals, where they exert either a facilitatory (Mulle et al., 2000; Cossart et al., 2001 ) or a depressant (Clarke et al., 1997; Rodríguez-Moreno et al., 1997; Rodríguez-Moreno and Lerma, 1998; Maingret et al., 2005 ) effect on GABA release. Activation of these receptors relies on the source of glutamate, on the spatiotemporal feature of glutamate release in the extracellular space, and their affinity for glutamate.
Several lines of evidence suggest a role of KARs in neuronal development. Signaling via presynaptic GluK1 containing KARs has been shown to be critical for regulating the number of functional glutamatergic synapses (Vesikansa et al., 2007) and the balance between GABAergic and glutamatergic transmission, which control correlated network activity . Interestingly, during the first week of postnatal life, the main neurotransmitter released from MF terminals is GABA (Safiulina et al., 2006) , which exerts a depolarizing and excitatory action on targeted cells (Sivakumaran et al., 2009) . MF-evoked glutamatergic currents comprising a kainate component start appearing after postnatal day 6 (P6) (Marchal and Mulle, 2004) .
Here, we addressed whether, immediately after birth, MFinduced GABA A -mediated postsynaptic currents (GPSCs) in CA3 principal cells are controlled by presynaptic KARs. We report that, at this developmental stage, MF-GPSCs are downregulated by G-protein-coupled GluK1 receptors, which are endogenously activated by glutamate present in the extracellular medium. We further demonstrated that, at these synapses, GluK1 receptors dynamically regulate the direction of spike time-dependent plasticity (STDP).
Materials and Methods
Slice preparation. Experiments were performed on hippocampal slices from P2 to P5 Wistar rats as previously described (Gasparini et al., 2000) . All experiments were performed in accordance with the European Community Council Directive of 24 November 1986 (86/609EEC) and were approved by local authority veterinary service. Briefly, animals were decapitated after being anesthetized with an intraperitoneal injection of urethane (2 g/kg). The brain was quickly removed from the skull and placed in ice-cold artificial CSF (ACSF) containing the following (in mM): 130 NaCl, 3.5 KCl, 1.2 NaH 2 PO 4 , 27 NaHCO 3 , 1.3 MgCl 2 , 2 CaCl 2 , 25 glucose, saturated with 95% O 2 and 5% CO 2 , pH 7.3-7.4. Transverse hippocampal slices (400 m thick) were cut with a vibratome and stored at room temperature (20 -24°C) in a holding bath containing the same solution as above. After a recovery period of at least 1 h, an individual slice was transferred to the recording chamber, in which it was continuously superfused with oxygenated ACSF at a rate of 2-3 ml/min at 33-35°C.
Electrophysiological recordings. Electrophysiological experiments were performed from CA3 pyramidal cells using the whole-cell configuration of the patch-clamp technique in current-or voltage-clamp mode. Neurons were visualized using an upright microscope (Olympus BX51WI) equipped with differential interference contrast optics and infrared video camera. Patch electrodes were pulled from borosilicate glass capillaries (Hilgenberg). They had a resistance of 4 -6 M⍀ when filled with an intracellular solution containing the following (in mM): 140 KCl, 1 MgCl 2 , 10 HEPES, 4 MgATP, 0.5 EGTA, pH 7.3. In some cases, guanosine 5Ј-[␤-thio]diphosphate (GDP␤S) (Sigma-Aldrich) at the concentration of 0.3 mM was included into the patch pipette to block postsynaptic G-protein-coupled receptors. Recordings were made with a patch-clamp amplifier (Axopatch 200A; Molecular Devices). The access resistance was repetitively monitored every 5 min with a voltage step and was Ͻ20 M⍀, and the results were discarded if it changed Ͼ15-20%.
Mossy fiber GABA A -mediated postsynaptic currents (GPSCs) were evoked at 0.05 Hz from a holding potential of Ϫ70 mV. We used minimal stimulation of the granule cells in the dentate gyrus to activate only one or few presynaptic fibers. According to the technique described by Jonas et al. (1993) and Allen and Stevens (1994) , the stimulation intensity was decreased until only a single axon was activated. This was achieved when the mean amplitude of the postsynaptic currents and failure probability remained constant over a range of stimulus intensities near threshold for detecting a response (see Fig. 1 A, B) (Safiulina et al., 2006 ). An abrupt increase in the mean peak amplitude of synaptic currents was observed when the stimulus intensity was further increased. This all-or-none behavior led us to assume that only a single fiber was stimulated. In addition, the latency and the shape of individual synaptic responses remained constant for repeated stimuli. The monosynaptic nature of synaptic currents was supported by the unimodal and narrow latencies and rise time distributions, which remained constant when the extracellular Ca 2ϩ / Mg 2ϩ concentration ratio was reduced from 2:1.3 to 1:3 (Safiulina et al., 2006) .
When the probability of synaptic failures in response to a first stimulus was near 1 (failures were estimated by visual discrimination), we applied a second pulse at 50 ms interval. If a response to a second stimulus appeared in 15-30 consecutive trials (silent to the first stimulus), we considered this synapse "presynaptically" silent.
MF inputs were identified on the basis of their sensitivity to group III metabotropic glutamate receptor (mGluR) agonist L(ϩ)-2-amino-4-phosphonobutyric acid (L-AP4) (10 M) (Gutiérrez et al., 2003; Kasyanov et al., 2004; Safiulina et al., 2006) , their strong paired-pulse facilitation, and short-term frequency-dependent facilitation (Safiulina et al., 2006) . GPSCs were blocked by bicuculline or picrotoxin. In contrast to MF inputs, GABAergic inputs from interneurons were insensitive to L-AP4 (Walker et al., 2001; Safiulina et al., 2006) . To block G-protein-mediated signals, slices were incubated overnight in a medium containing pertussis toxin (PTx) (5 g/ml).
In some experiments, antidromic action potentials were recorded from visually identified granule cells in dentate gyrus. In this case, the intracellular solution contained K-gluconate (150 mM) instead of KCl. Extracellular stimuli (at 0.3 Hz; duration, 150 s) were delivered via a stimulation electrode positioned in stratum lucidum ϳ200 m away from the granule cell layer.
STDP was induced in current-clamp mode by pairing MF stimulation with postsynaptic spikes. MF-GPSCs were recorded first in voltageclamp mode for 5-10 min to obtain a stable baseline. Then, STDP was induced by pairing presynaptic stimulation of granule cells in the dentate gyrus with postsynaptic spiking. This sequence (MF stimulationpostsynaptic spike) was repeated 10 times at 0.1 Hz. In the case of positive pairing (pre vs post), a delay of 15 ms was introduced between presynaptic stimulation and postsynaptic spiking, whereas, in the case of negative pairing (post vs pre), the delay between postsynaptic spiking and presynaptic stimulation was 50 ms. Changes in synaptic efficacy were monitored by recording synaptic currents for additional 20 -30 min after pairing.
The drugs used were as follows: All drugs were dissolved in water, ethanol, or dimethylsulfoxide (DMSO), as required. UBP 302 was dissolved in 1 eq NaOH. DNQX, GYKI 52466, and LY341495 were dissolved in DMSO. The final concentration of DMSO in the bathing solution was 0.1%. At this concentration, DMSO alone did not modify the shape or the kinetics of synaptic currents. Drugs were applied in the bath via a three-way tap system, by changing the superfusion solution to one differing only in its content of drug(s). The ratio of flow rate to bath volume ensured complete exchange within 1-2 min.
Data acquisition and analysis. Data were acquired and digitized with an analog-to-digital converter (Digidata 1200; Molecular Devices) and stored on a computer hard disk. Acquisition and analysis of evoked responses were performed with Clampfit 9 (Molecular Devices). Data were sampled at 20 kHz and filtered with a cutoff frequency of 1 kHz. Mean GPSCs amplitude was obtained by averaging successes and failures. The paired-pulse ratio (PPR) was calculated as the mean amplitude of the synaptic response evoked by the second stimulus over that evoked by the first one. The coefficient of variation was calculated as the ratio between the SD of synaptic currents amplitude and the mean. Unless otherwise stated, data are presented as mean Ϯ SEM. Quantitative comparisons were based on Student's paired or unpaired t test, as required, and values of p Ͻ 0.05 were considered to be significant.
Results
Tonic activation of presynaptic GluK1 receptors downregulates GABA release from MF terminals Whole-cell patch-clamp recordings were performed from CA3 principal cells in hippocampal slices obtained from P2-P5 rats. In agreement with previous studies (Gutiérrez et al., 2003; Kasyanov et al., 2004; Safiulina et al., 2006; Safiulina and Cherubini, 2009; Sivakumaran et al., 2009) , during the first week of postnatal life, minimal stimulation of granule cells in the dentate gyrus elicited lowprobability GPSCs, which were completely blocked by bicuculline (10 M) or picrotoxin (100 M). Depolarizing the cell to positive potentials (ϩ40 mV) produced bicuculline-sensitive outward currents with latency, onset, and deactivation kinetics similar to those obtained at Ϫ70 mV, further indicating that they were mediated by GABA A receptors (data not shown) (Safiulina et al., 2006) . Consistent with previous observations (Safiulina et al., 2006; Safiulina and Cherubini, 2009) , bath application of GYKI 52466 (30 M), which at this concentration selectively blocks AMPA receptors, did not modify the amplitude, the shape, the latency, and rise time of individual responses, indicating that AMPA receptors do not contribute to synaptic currents ( Fig. 1 A-D) . On average, on five cells, the amplitude of MF-evoked GPSCs was 40 Ϯ 2 and 39 Ϯ 1 pA ( p ϭ 0.8), the rise time was 1.8 Ϯ 0.2 and 1.9 Ϯ 0.3 ms ( p ϭ 0.4), and latency was 2.8 Ϯ 0.2 and 2.8 Ϯ 0.3 ms ( p ϭ 0.8), before and during GYKI 52466 application, respectively. Interestingly, the addition of DNQX (50 M) (which blocks both AMPA and kainate receptors) to GYKI 52466 significantly enhanced the amplitude of single fiber-evoked GPSCs, an effect that was associated with an increase in the number of successes (Fig.  2 A) . The time course of DNQX effects on the amplitude of GPSCs (successes plus failures) obtained in eight cells is represented in Figure 2 B. As summarized in supplemental Figure S1 , A and B (available at www.jneurosci.org as supplemental material), the peak amplitude of GPSCs (successes plus failures) was 30 Ϯ 4 and 53 Ϯ 10 pA before and after DNQX, respectively ( p ϭ 0.01), whereas the success rate changed from 0.34 Ϯ 0.05 to 0.57 Ϯ 0.08 ( p ϭ 0.006). These effects were associated with a significant reduction of the PPR (from 1.33 Ϯ 0.23 to 0.67 Ϯ 0.11; p ϭ 0.001) (supplemental Fig. S1C , available at www.jneurosci.org as supplemental material) and a significant increase in the inverse squared value of the coefficient of variation (CV Ϫ2 ) of responses amplitude (from 0.73 Ϯ 0.15 to 2.28 Ϯ 0.44; p ϭ 0.03) (supplemental Fig. S1 D, available at www.jneurosci.org as supplemental material). Although changes in success rate may be indicative of presynaptic or postsynaptic changes, PPR and CV Ϫ2 are primarily used to evaluate changes in probability of transmitter release (Zucker and Regehr, 2002) . These effects occurred in the absence of any change in input resistance or in the holding current of the recorded neurons. As expected for MF-mediated responses, GPSCs were significantly reduced in amplitude by group III mGluR agonist L-AP4 (10 M) and completely blocked by picrotoxin (100 M) (Fig. 2 B) (Gutiérrez et al., 2003; Kasyanov et al., 2004; Safiulina et al., 2006) . Synaptic currents originating from GABAergic interneurons could be readily distinguished from MF-GPSCs since unlike the latter, which exhibited paired-pulse facilitation, they exhibited paired-pulse depression and were insensitive to L-AP4 (the peak amplitude of synaptic currents was 39 Ϯ 8 and 36 Ϯ 9 pA before and during L-AP4, respectively; p ϭ 0.1; n ϭ 7) (Walker et al., 2001; Safiulina et al., 2006 ) (data not shown).
To exclude the possibility of an indirect effect via kainateinduced modulation of other receptors known to depress transmitter release such as GABA B receptors (Safiulina and Cherubini, 2009 ), nicotine and muscarinic acetylcholine receptors (Maggi et al., 2004) , purinergic P2Y receptors (Zhang et al., 2003; Safiulina et al., 2005) , and mGluRs (Scanziani et al., 1997) , in a set of experiments (n ϭ 18) DNQX was applied in the presence of CGP 52432 (1 M), DH␤E (50 M), atropine (1 M), PPADS (50 M), and LY341495 (100 M), selective antagonists for these receptors. Also in this case, DNQX induced a significant increase in GPSCs amplitude similar to that obtained in the absence of the blockers, suggesting a direct effect of DNQX on kainate receptors localized on MF terminals (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material).
To identify which kainate receptor subtype was involved in the observed effects, we used UBP 302, which is a selective GluK1 kainate receptor antagonist (More et al., 2004; Jane et al., 2009 ). The rationale behind was that, during postnatal development, GluK1 receptors are highly expressed in the hippocampus (Bettler et al., 1990; Bahn et al., 1994; Ritter et al., 2002) and previous work from immature CA3 pyramidal cells demonstrated the involvement of GluK1 in modulation of spontaneous, network-driven giant depolarizing potentials (GDPs) , which are highly expressed in the CA3 area (Ben-Ari et al., 2007) . Like DNQX, UBP 302 (10 M) caused a significant increase in amplitude of GPSCs (Fig. 2C,D) . As summarized in supplemental Figure S3A (available at www.jneurosci.org as supplemental material), the peak amplitude of GPSCs was 48 Ϯ 8 and 84 Ϯ 15 pA before and after UBP 302, respectively (n ϭ 19; p ϭ 0.001). UBP 302 caused also a significant increase in success rate (from 0.4 Ϯ 0.04 to 0.7 Ϯ 0.03; p ϭ 0.001) (supplemental Fig.  S3B , available at www.jneurosci.org as supplemental material), a significant decrease in PPR (from 1.4 Ϯ 0.2 to 0.6 Ϯ 0.1; n ϭ 16; p ϭ 0.001) (supplemental Fig. S3C , available at www.jneurosci. org as supplemental material), and a significant increase in CV Ϫ2 (from 0.97 Ϯ 0.2 to 3.3 Ϯ 0.9; p ϭ 0.001; n ϭ 19) (supplemental Fig. S3D , available at www.jneurosci.org as supplemental material). In six cases, stimulation of granule cells in the dentate gyrus failed to produce any synaptic response to the first stimulus (over at least 30 consecutive trials). However, occasional responses to the second stimulus suggested that these synapses were "presynaptically" silent (Gasparini et al., 2000; Kasyanov et al., 2004; Safiulina and Cherubini, 2009; Sivakumaran et al., 2009 ). Application of UBP 302 to "presynaptically" silent cells induced the appearance of synaptic responses to the first stimulus (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). In these cases, the PPR could not be measured because calculated ratios are infinitely large when the mean amplitude of the first response is close to zero. Compatible with a lack of quantal release, in these cases also the CV Ϫ2 was close to zero. In contrast to UBP 302, pharmacological activation of GluK1 receptors with ATPA (1 M), a selective GluK1 agonist (Clarke et al., 1997) , reversibly decreased the amplitude of MF-GPSCs (from 54 Ϯ 9 to 22 Ϯ 4 pA; n ϭ 11; p ϭ 0.001) (Fig. 3A-C) , an effect that was accompanied with a decrease in the number of successes (0.6 Ϯ 0.1 to 0.35 Ϯ 0.1; p ϭ 0.001) (Fig. 3D) , an increase in PPR (0.8 Ϯ 0.1 to 1.3 Ϯ 0.2; n ϭ 7; p ϭ 0.008) (Fig. 3E) , and a decrease in the CV Ϫ2 (1.5 Ϯ 1.3 to 1.1 Ϯ 0.2; n ϭ 11; p ϭ 0.01) (Fig. 3F ) . It is worth noting that for ATPA experiments we used cells with high release probability and therefore exhibiting a low PPR (ranging from 0.4 to 1.3). Together, these data strongly indicate that presynaptic GluK1 receptors depress GABA release from immature MF terminals.
Presynaptic GluK1 receptors are endogenously activated by glutamate present in the extracellular space How could presynaptic GluK1 receptors be activated if, early in postnatal development, the main neurotransmitter released by MF is GABA? One possibility is that these receptors are tonically activated by endogenous glutamate present in the extracellular space. To test this hypothesis, in another set of experiments, we used an enzymatic glutamate scavenger system (GPT plus pyruvate) (Overstreet et al., 1997; Min et al., 1998) on the assumption that enhancing the clearance of glutamate from the extracellular space prevents the activation of presynaptic kainate receptors. GPT catalyzes the conversion of glutamate and pyruvate to ␣-ketoglutarate and alanine. To exclude any effect via mGluRs (Scanziani et al., 1997) , we routinely added in the bathing solution the broad spectrum mGluR 1-8 antagonist LY341495 (100 M) (Fitzjohn et al., 1998) . The scavenger mimicked in all respects the facilitating effects of UBP 302 on GPSCs (the peak amplitude of GPSCs was 44 Ϯ 8 and 73 Ϯ 10 pA before and after the scavenger, respectively; n ϭ 7; p ϭ 0.003) (Fig.  4 A, B) . The scavenger caused also a significant increase in success rate (from 0.5 Ϯ 0.1 to 0.8 Ϯ 0.1; p ϭ 0.01) (Fig. 4C) , a significant decrease in PPR (from 1.5 Ϯ 0.2 to 0.7 Ϯ 0.1; n ϭ 7; p ϭ 0.008) (Fig. 4 D) , and a significant increase in CV Ϫ2 (from 1.02 Ϯ 0.2 to 3.4 Ϯ 0.94; n ϭ 7; p ϭ 0.01) (Fig. 4 E) , further suggesting a presynaptic site of action. In addition, the facilitating effect of the scavenger on GPSCs was fully occluded by subsequent application of UBP (the peak amplitude of GPSCs was 73 Ϯ 10 and 70 Ϯ 12 pA in the presence of the scavenger and the scavenger plus UBP 302, respectively; n ϭ 7) (Fig. 4 B) . Application of the scavenger after UBP 302 was also ineffective (n ϭ 5; p ϭ 0.3) (data not shown). These results indicate that, early in postnatal life, depression of GABA release from MF terminals occurs via activation of GluK1 receptors by endogenous glutamate present in the extracellular space.
The depressant effect of kainate on MF GPSCs is mediated by G-coupled receptors
At inhibitory synapses, kainate-induced depression of GABA release has been shown to involve the presynaptic activation of a PTx-sensitive G i/o -protein-coupled kainate receptor (Lerma, 2006; Rodríguez-Moreno and Sihra, 2007). G-protein in turn would activate phospholipase C (PLC) leading to the release of calcium from intracellular stores. The concomitant activation of protein kinase C (PKC) would inhibit voltage-dependent N-type calcium channels known to control transmitter release (Castillo et al., 1994; Dunlap et al., 1995; Li et al., 2007) . To elucidate whether the effects of kainate on GPSCs involved a G-protein, hippocampal slices were incubated overnight with a solution containing PTx (5 g/ml). In these conditions, bath application of the GABA B receptor agonist baclofen (from a holding potential of Ϫ60 mV) failed to evoked any outward current (data not shown) . UBP 302 applied to nine neurons previously exposed to PTx either did not modify the amplitude of GPSCs (the peak amplitude of GPSCs was 52 Ϯ 11 and 58 Ϯ 13 pA in the absence or in the presence of UBP 302, respectively; n ϭ 5; p ϭ 0.1) or depressed it (from 68 Ϯ 8 to 42 Ϯ 3 pA; n ϭ 4; p ϭ 0.02). Pooled data from all cells tested are represented in Figure  5A . Similarly, the amplitude of GPSC was unaltered when the scavenger was applied to slices incubated in PTx (on average, in six cells, the peak amplitude of GPSCs was 61 Ϯ 14 and 59 Ϯ 16 pA in the absence and in the presence of the scavenger, respectively; p ϭ 0.6) (Fig. 5B, closed circles) . Incubation with PTx affects G-protein-coupled receptors present on both presynaptic and postsynaptic membranes. To see whether the depression of MF-GPSCs involved G-coupled receptors localized on the presynaptic site, additional experiments (n ϭ 5) were performed using GDP␤S (0.3 mM) into the patch pipette. This treatment completely blocked postsynaptic GABA B receptors. Thus, in the presence of GDP␤S, the GABA B receptor agonist baclofen (20 M) failed to induce outward currents (baclofen evoked-currents were 53 Ϯ 5 and 5 Ϯ 2 pA in the absence or in the presence of GDP␤S, respectively; n ϭ 6; p ϭ 0.001). However, as shown in the example of Figure 5C , baclofen, via presynaptic GABA B receptors, depressed spontaneous ongoing synaptic currents. Bath application of UBP 302 to neurons recorded with GDP␤S was still able to enhance GPSCs amplitude (the peak amplitude of GPSCs varied from 29 Ϯ 4 to 43 Ϯ 5 pA; n ϭ 5; p ϭ 0.003) (Fig. 5 D, E) , indicating that the depression of MF-GPSCs is mediated by G-protein-coupled kainate receptors, present on MF terminals.
As already mentioned, the most common transduction signaling pathway stimulated by G-protein involves PLC activation (Rodríguez-Moreno and Lerma, 1998; Rozas et al., 2003) . Therefore, in the following experiments, we tried to disrupt the intracellular cascade downstream to G-protein activation with U73122 (10 M), a selective PLC blocker. Surprisingly, we found that, unlike PTx, application of UBP 302 in the presence of U73122 caused a significant depression of MF-GPSCs, probably unmasking the ionotropic action of GluK1. The amplitude of MF-GPSCs was 50 Ϯ 9 and 29 Ϯ 11 pA in the absence or in the presence of UBP 302, respectively (n ϭ 6; p ϭ 0.01) (Fig. 6 A, B) . In contrast to UBP 302, application of the GluK1 agonist ATPA (1 M) in the presence of U73122 induced a significant increase in amplitude of GPSCs (from 40 Ϯ 5 to 61 Ϯ 3 pA; n ϭ 7; p ϭ 0.01) (Fig. 6C,D) . Similarly to UBP 302, the enzymatic glutamate scavenger system applied in the presence of U73122 caused a depressant effect on GPSCs, which was probably dependent on the relief of a tonic action of glutamate on GluK1 receptors (from 70 Ϯ 3 to 30 Ϯ 2 pA; n ϭ 11; p Ͻ 0.001) (Fig. 6 E, F ) . The lack of UBP 302-induced depression of GPSCs amplitude observed in some neurons exposed to PTx could be explained by the fact that incubating the slices with PTx for several hours may interfere with other processes not directly linked to KAR activation.
Activation of presynaptic kainate receptors enhances MF excitability
In juvenile animals, activation of presynaptic kainate receptors has been found to directly depolarize via cation channels glutamatergic MF (Kamiya and Ozawa, 2000) or GABAergic terminals (Semyanov and Kullmann, 2001) , thus lowering the threshold for antidromic action potential generation. To test whether activation of GluK1 receptors localized on immature MF terminals exhibits similar characteristics, we recorded antidromic spikes from single granule cells (held at Ϫ70 mV) in response to stimulation of MFs via a stimulation electrode positioned in stratum lucidum. When we used stimuli able to evoke antidromic spikes in Ͼ50% of trials, application of UBP 302 (10 M) reversibly decreased the probability of successes from 0.6 Ϯ 0.05 to 0.15 Ϯ 0.02 (n ϭ 7; p ϭ 0.001) (Fig. 7 A, B) . In contrast, ATPA reversibly increased the probability of successes when antidromic spikes were evoked by weak stimuli (Ͻ50% of successes). The success rate was 0.38 Ϯ 0.04 and 0.72 Ϯ 0.04 in the absence or in the presence of ATPA, respectively (n ϭ 7; p ϭ 0.001) (Fig. 7C,D) . Since GluK1 receptors are known to be highly permeable to calcium (Lauri et al., 2003; Scott et al., 2008) , in another set of experiments we applied PhTx (3 M), which blocks calciumpermeable AMPA/kainate receptor (Fletcher and Lodge, 1996) . As UBP 302, PhTx significantly reduced the number of successes from 0.59 Ϯ 0.04 to 0.15 Ϯ 0.05 (n ϭ 7; p ϭ 0.001) (Fig. 7 E, F ) . In the presence of PhTx, we increased the stimulation intensity to obtain again Ͼ50% of successes, and then we applied UBP 302. In this case, the drug failed to produce any effect. The success rate was 0.58 Ϯ 0.09 and 0.61 Ϯ 0.09 before and during UBP 302, respectively (n ϭ 7; p ϭ 0.08) (Fig. 7G,H ) . In line with an ionotropic type of action, exposing the slices to PTx did not alter UBP 302-induced reduction in the success rate of antidromic spikes (0.62 Ϯ 0.08 and 0.16 Ϯ 0.06; n ϭ 5; p ϭ 0.002) (data not shown). These data indicate GluK1 increases MF excitability through the activation of calcium-permeable cationic channels and depolarization of MF terminals.
GluK1Rs control the direction of spike time-dependent plasticity
In a previous study, we demonstrated that, depending on the relative timing, pairing afferent stimulation with postsynaptic spiking induced bidirectional changes in synaptic efficacy (Sivakumaran et al., 2009) . In particular, a persistent increase in synaptic strength was observed when MF stimulation preceded postsynaptic spiking. To avoid possible contamination with glutamatergic events, experiments were routinely performed in the presence of D-AP5 and DNQX to block NMDA and AMPA/kainate receptors, respectively. Therefore, to see whether GluK1 receptors control spike time-dependent long-term potentiation (LTP), in the present experiments, the pairing procedure was repeated only in the presence of GYKI 52466, to prevent the activation of AMPA receptors. Pairing consisted in correlating (in current-clamp mode) MF stimulation with postsynaptic spikes (10 times at 0.1 Hz) (see Materials and Methods) using, as in previous work, a delay of 15 ms (corresponding to the peak of the synaptic responses) (Fig. 8 A, B) . As shown in the representative example of Figure 8C , pairing (arrow) induced a reduction in amplitude of GPSCs, which persisted for at least 20 min. On average, the peak amplitude of GPSCs (successes plus failures) was 42 Ϯ 6 and 19 Ϯ 2 pA before and 20 min after pairing, respectively ( p ϭ 0.003; n ϭ 11) (Fig. 8C) . This effect was associated with a significant decrease in success rate (from 0.46 Ϯ 0.06 to 0.25 Ϯ 0.06; p ϭ 0.005), in the inversed square of the coefficient of variation of responses amplitude (from 1.67 Ϯ 0.49 to 0.96 Ϯ 0.29; p ϭ 0.02), and a significant increase in PPR (from 0.86 Ϯ 0.27 to 1.97 Ϯ 0.47; n ϭ 8; p ϭ 0.01). To see whether spike time-dependent depression was mediated via an ionotropic or a metabotropic type of action, similar experiments were repeated in the presence of the selective PLC blocker U73122 (10 M). In this condition, the pairing procedure failed to produce any effect (the peak amplitude of GPSCs was 60 Ϯ 3 and 58 Ϯ 2 pA before and after pairing, respectively; n ϭ 7; p ϭ 0.5) (Fig. 8 D) , suggesting the involvement of a G-protein-coupled KAR in STDP. When UBP 302 was added to GYKI 52466, the pairing procedure produced a persistent potentiation of synaptic responses that was in all respects similar to that described previously (Sivakumaran et al., 2009) (Fig. 8 E) . In summary, the amplitude of GPSCs varied from 84 Ϯ 15 to 124 Ϯ 18 pA ( p ϭ 0.001). This effect was associated with an increase in success rate (from 0.5 Ϯ 0.05 to 0.8 Ϯ 0.06; p ϭ 0.001), in CV Ϫ2 (from 1.19 Ϯ 0.2 to 4.1 Ϯ 1; p ϭ 0.01), and a decrease in PPR (from 1.5 Ϯ 0.2 to 0.8 Ϯ 0.2; n ϭ 9; p ϭ 0.004). In additional experiments, negative pairing (postsynaptic spiking preceding MF stimulation with a delay of 50 ms) induced (in the presence of GYKI 52466) longterm depression similar in all respect to that induced in the presence of DNQX (Sivakumaran et al., 2009) , suggesting that KARs are not involved in this form of synaptic plasticity (the peak amplitude of GPSCs was 116 Ϯ 22 and 53 Ϯ 10 pA before and 20 min after pairing, respectively; n ϭ 7; p ϭ 0.004) (data not shown). These results indicate that presynaptic GluK1 control STD-LTP at immature MF-CA3 synapses.
Discussion
The present experiments from the immature hippocampus have revealed the presence of functional presynaptic kainate receptors on GABAergic MF terminals. Endogenous activation of these receptors by glutamate present in the extracellular medium reduces the probability of GABA release contributing in some cases to synapses silencing. Moreover, GluK1 receptors present on MF terminals dynamically regulate the direction of STDP being able to switch spike time-dependent potentiation into depression.
In previous studies, we provided evidence that, during the first week of postnatal life, the main neurotransmitter released from MF terminals is GABA (Kasyanov et al., 2004; Safiulina et al., 2006; Safiulina and Cherubini, 2009; Sivakumaran et al., 2009) . MF-mediated glutamatergic responses start appearing during the second week of postnatal life (Amaral and Dent, 1981) . In particular, kainate-mediated EPSCs have been detected only after P6, in coincidence with the appearance of large-amplitude AMPA responses and with the onset of low-frequency facilitation (Marchal and Mulle, 2004) . This period tightly correlates with that in which GABA A -mediated synaptic responses shift from the depolarizing to the hyperpolarizing direction (Cherubini et al., 1991; Ben-Ari et al., 2007) . In the present experiments, GPSCs originated from MF since they exhibited strong paired-pulse fa- cilitation and were sensitive to group III mGluR agonist L-AP4 (Gutiérrez, 2005; Safiulina et al., 2006) . In this respect, they could be easily distinguished from those originating from GABAergic interneurons, which were insensitive to L-AP4 and exhibited paired-pulse depression (Walker et al., 2001; Safiulina et al., 2006) . MF-mediated synaptic responses did not carry AMPAmediated components since GYKI 52466, at the concentration used to block AMPA receptors, failed to modify the amplitude, rise time, or latency of synaptic currents. However, in the presence of GYKI 52466, synaptic currents were reversibly enhanced by DNQX or UBP 302, indicating that presynaptic KARs downregulate GABA release from MF terminals. In this respect, our results are similar to those obtained by Maingret et al. (2005) on GABA A -mediated postsynaptic currents evoked in neonatal CA1 pyramidal neurons by electrical stimulation of GABAergic axons. In the immature hippocampus, presynaptic GluK1 receptors have been well documented (Bahn et al., 1994; Bettler et al., 1990; Ritter et al., 2002) , and a recent study has provided evidence that at CA3-CA1 synapses functional GluK1 receptors downregulate glutamate release (Lauri et al., 2006) . Moreover, in the CA3 hippocampal region, activation of GluK1 receptors reversibly blocks spontaneous network-driven bursts such as GDPs . In our case, the depression of MF-GPSCs by KARs was not mediated indirectly via other signaling molecules known to inhibit GABA release, since DNQX was still able to enhance the amplitude of GPSCs when applied in the presence of various receptor antagonists including those for GABA B , nicotinic, muscarinic, P2Y, and mGlu.
Several lines of evidence suggest that GluK1 receptors localized on MF terminals reduce the probability of GABA release: (1) the increase in amplitude of MF-GPSCs by DNQX or UBP 302 was associated with an enhanced success rate and a reduction in paired-pulse ratio, considered an index of presynaptic release probability (Zucker and Regehr, 2002) . (2) The GluK1 agonist ATPA induced a powerful depression of MF-evoked synaptic responses, an effect associated with a significant increase in transmitter failures and in the paired-pulse ratio. (3) Decreasing the concentration of "ambient" glutamate with the scavenger prevented the activation of GluK1 receptors and mimicked the effects of KAR antagonists. Previous studies from different brain structures have demonstrated that physiological modifications in glutamate concentration may cause a switch in KAR function from facilitation to inhibition (Jiang et al., 2001; Delaney and Jahr, 2002; Braga et al., 2003; Youn and Randic, 2004; Lerma, 2006) . It is therefore likely that, early in postnatal development, a high level of glutamate in the extracellular space, maintained by a less efficient glutamate transport mechanism (Danbolt, 2001; Diamond, 2005) and a poorly developed diffusional barrier (Jansson et al., 2000) , facilitates the activation of high-affinity KARs with consequent reduction in the probability of transmitter release.
KARs have been shown to exert both an ionotropic and a metabotropic type of action (for review, see Lerma, 2006) . In particular, the depression of transmitter release seems to occur via G-protein-coupled KARs (Rodríguez-Moreno and Lerma, 1998; Cunha et al., 2000; Frerking et al., 2001; Lauri et al., 2005 Lauri et al., , 2006 . Also in our case, the depressant effect of kainate on GABA release was likely dependent on a metabotropic type of mechanism since the potentiating effects of both UBP 302 and the glutamate scavenger on GPSCs were prevented by PTx. The signaling pathway likely involved the release of calcium from intracellular stores, the activation of phospholipase C and PKC with consequent inhibition of voltage-dependent calcium channels (Rodríguez-Moreno and Lerma, 1998; Rozas et al., 2003) . Interestingly, blocking PLC with U73122, downstream to G-protein activation, unveiled a potentiating effect of GluK1 on MF GPSCs. This was probably dependent on the ionotropic type of action of this receptor and was similar to that observed in some cells exposed to PTx. This type of action was clearly responsible for GluK1-induced increase in MF excitability, in which calcium flux through calcium-permeable KARs depolarized presynaptic terminals and lowered the threshold for antidromic spikes (Kamiya and Ozawa, 2000; Schmitz et al., 2001; Semyanov and Kullmann, 2001; Maingret et al., 2005) . How can an increased MF excitability be reconciled with a depression of GABA release? Although, according to Kamiya and Ozawa (2000) , a downregulation of transmitter release may occur via inactivation of Na ϩ / Ca 2ϩ channels or electrical shunting, this seems unlikely in view of the recent finding of KA-induced facilitation of action potential evoked calcium entry in MF boutons via a calcium storedependent mechanism (Scott et al., 2008) . In addition, it is worth noting that, unlike adults, immature MFs terminate in very small spherical expansions (Amaral and Dent, 1981) and do not exhibit use-dependent synaptic facilitation yet (Marchal and Mulle, 2004) . It is unclear whether the dual signaling pathways (ionotropic and metabotropic), which depend on the common ionotropic GluK1 subunit, are independent or functionally coupled. In a previous study from dorsal root ganglion cells, it has been demonstrated that KA through GluK1 receptors induces a G-proteindependent rise in [Ca 2ϩ ] i , favoring its release from the internal stores (Rozas et al., 2003) . As a matter of speculation, we favor the in stratum lucidum before and during application of UBP 302 (note that the stimulus strength was set to obtain Ͼ50% of successes). B, Summary plot of UBP 302 effects on success rate (n ϭ 7). C, D, In cells with Ͻ50% of successes, ATPA enhanced MF excitability and the success rate (n ϭ 7). E, F, PhTx (3 M) mimicked the effects of UBP 302 (n ϭ 7). G, H, In the presence of philantotoxin, UBP was not effective (n ϭ 7). ***p Ͻ 0.001. Error bars indicate SEM. . Note that blocking PLC with U73122 failed to produce any effect on GPSCs amplitude. E, As in C, but in the presence of UBP 302 (n ϭ 9). In this case, pairing induced synaptic potentiation. Error bars indicate SEM.
hypothesis that calcium entering through calcium-permeable KARs may directly or indirectly interfere with G-protein-mediated signaling leading to a dominant inhibitory action on MF-GPSCs. The interplay between these two different pathways has been recently shown to account for the PKC-dependent autoregulation of membrane KARs (Rivera et al., 2007) . However, much work is needed to elucidate this issue.
Early in postnatal development, G-protein-dependent mechanisms linked to KA activation have been well established particularly at glutamatergic synapses (Lauri et al., , 2006 . These receptors have a very high affinity for glutamate, a condition required for being endogenously activated by glutamate present in the extracellular medium. With maturation, presynaptic KARs in an activity-dependent manner would be gradually lost and replaced by low-affinity ones, not longer able to be activated by ambient glutamate (Lauri et al., 2006) . In the present experiments, tonic activation of presynaptic KARs by endogenous glutamate accounted for the persistent depression of MF-GPSCs observed after pairing presynaptic MF stimulation with postsynaptic spiking as demonstrated by the possibility to switch spike time-dependent depression into potentiation with UBP 302. Spike time-dependent depression, observed in the absence of AMPA/kainate receptor antagonists, involved the activation of a G-protein-coupled KAR since it was prevented by the selective PLC blocker U73122. In contrast, spike time-dependent potentiation of MF-GPSCs, observed in the presence of UBP 302, was shown to be dependent on intracellular calcium rise and release of BDNF (Sivakumaran et al., 2009) . Although the precise mechanisms underlying these phenomena are still unclear, we cannot exclude the possibility that KA-induced synaptic depression may rely on a distinct calcium signal, which in turn may activate a different molecular pathway, as suggested by the calcium hypothesis (Caporale and Dan, 2008) .
In conclusion, it is conceivable that, at immature MF-CA3 synapses, KA-induced depression of GABAergic transmission by ambient glutamate limits the excessive activation of the autoassociative CA3 network by the excitatory action of GABA, thus preventing the onset of seizures. These properties are likely to be critical for information processing and for the proper development of the adult hippocampal circuitry.
